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8-oxo-7,8-dihydroadenine (8-oxoAde) is a major product of adenine modiﬁcation by reactive oxygen
species. So far, only one mammalian DNA glycosylase, 8-oxoguanine-DNA-glycosylase 1 (OGG1), has
been shown to excise 8-oxoAde, exclusively from pairs with Cyt. We have found that endonuclease
VIII-like protein 1 (NEIL1), a mammalian homolog of bacterial endonuclease VIII, can efﬁciently
remove 8-oxoAde from 8-oxoAde:Cyt pairs but not from other contexts. In an in vitro reconstituted
system, reactions containing OGG1 produced a fully repaired product, whereas NEIL1 caused an
abortive initiation of repair, stopping after 8-oxoAde removal and DNA strand cleavage. This block
was partially relieved by polynucleotide kinase/30-phosphatase. Thus, two alternative routes of 8-
oxoAde repair may exist in mammals.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Reactive oxygen species present a constant threat to the genome
integrity [1]. All nucleobases are prone to oxidation, generating
DNA lesions that may cause mutations, block DNA polymerases,
or interfere with binding of regulatory proteins. 8-Oxo-7,8-dihyd-
roadenine (8-oxoAde) is formed when DNA is attacked by hydroxyl
radicals produced by ionizing radiation, Fenton chemistry, or other
exogenous and endogenous factors [1]. 8-OxoAde is formed in the
DNA of living mammals after c-irradiation, and increased levels
of 8-oxoAde have been detected in human cancers [2].
When present in a DNA template, 8-oxoAde weakly to moder-
ately blocks DNA polymerases, mainly directing incorporation of
non-mutagenic TMP. However, a limited amount of dGMP and
dAMP incorporation have been reported [3,4]. In vivo, 8-oxoAde
in DNA is weakly mutagenic in mammalian cells (1%), preferen-
tially causing A? C and A? G substitutions, which indicates tran-
sient formation of 8-oxoAde:Gua and 8-oxoAde:Cyt mispairs,
respectively [4,5]. In addition, Ade in various monomers is oxidized
easier than in DNA, most likely due to shielding of the base in DNA,chemical Societies. Published by E
a, DNA ligase IIIa; NEIL1,
e-DNA-glycosylase 1; PNKP,
lymerase b
rkov).raising a possibility of 8-oxoAde appearance through oxidation of
the dATP pool [6]. The incorporation of 8-oxoAde into DNA from
the oxidized dATP pool has not been studied in detail; only very
inefﬁcient incorporation of 8-oxodAMP opposite Thy by the Kle-
now fragment has been reported [7]. The detrimental effects of
8-oxoAde are not limited to its mutagenic action: 8-oxoAde inhib-
its eukaryotic RNA polymerase II [8] and the exonuclease activity
of WRN helicase [9].
The mechanisms of 8-oxoAde repair remain poorly studied. So
far, only one eukaryotic enzyme, 8-oxoguanine-DNA glycosylase
(OGG1), has been reported to excise 8-oxoAde [10–12]. Interest-
ingly, this excision is efﬁcient only when 8-oxoAde is paired with
Cyt [10–12]. This repair reaction could only be sensible if it re-
moves 8-oxoAde incorporated from the oxidized dATP pool oppo-
site Cyt by erroneous action of DNA polymerases. Bacterial
formamidopyrimidine-DNA glycosylase (Fpg), which is not homol-
ogous to OGG1, removes 8-oxoAde very poorly from any nucleo-
base pair [10]. Additionally, an unidentiﬁed enzyme distinct from
OGG1 has been reported to excise 8-oxoAde when paired with
Gua in mammalian cells [12].
Here, we report that endonuclease VIII-like protein 1 (NEIL1)
protein, a mammalian DNA glycosylase homologous to bacterial
endonuclease VIII (Nei), is proﬁcient in the removal of 8-oxoAde
from pairs with Cyt but not from other pairs. The existence of
two enzymes for repairing 8-oxoAde:Cyt pairs suggests that this
mispair may be of biological importance.lsevier B.V. All rights reserved.
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Fig. 1. (A) Excision of 8-oxoAde from different base pairs by NEIL1. The reactions contained the following substrates: 1 and 3, 8-oxoAde:Cyt; 2, 8-oxoAde:Gua; 4, 8-oxoAde:
Thy; 5, 8-oxoAde:Ade; 6, 8-oxoAde in single-stranded DNA. S, oligonucleotide substrate, P, cleavage product. (B) Kinetics of 8-oxoAde:Cyt cleavage by NEIL1 (d) and OGG1
(s). Mean and S.E.M. are shown.
Table 1
Kinetic parameters of 8-oxoAde:Cyt cleavage by NEIL1 and OGG1.
KM (nM) kcat (min–1) kcat/KM  103 (nM–1 min–1)
NEIL1 44 ± 5 0.21 ± 0.01 4.8 ± 0.6
OGG1 84 ± 8 2.3 ± 0.1 27 ± 3
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2.1. Oligonucleotides and enzymes
The modiﬁed oligodeoxyribonucleotide (ODN) 50-d(CTCTCCCTT-
CXCTCCTTTCCTCT)-30 (X = 8-oxoAde) and the complementary ODNs
placing Ade, Cyt, Gua, or Thy opposite to X were synthesized from
the precursors purchased from Glen Research. The modiﬁed strand
was 32P-labeled using T4 polynucleotide kinase (New England Bio-
labs) and annealed to the complementary strand in a 1:2molar ratio.
NEIL1, OGG1, AP endonuclease 1 (APEX1), polynucleotide kinase/30-
phosphatase (PNKP), and DNA ligase IIIa (LIG3a) were puriﬁed as
described [13–15]. Concentrations of the active form of NEIL1 and
OGG1 were determined by sodium borohydride crosslinking [16].
Wild-type DNA polymerase b (POLb), mutant POLb (mPOLb) con-
taining three mutations (K35A K68A K72A), and XRCC1 were a gen-
erous gift from Dr. Svetlana Khodyreva (ICBFM).
2.2. 8-OxoAde excision assay
The reaction mixtures (20 ll) contained 200 nM of the labeled
substrate and 20 nM NEIL1 or OGG1 in a buffer containing
25 mM potassium phosphate (pH 7.4), 5 mM MgCl2, 1 mM dithio-
threitol, 0.25 mg/ml bovine serum albumin, and 2.5% glycerol. In
kinetic measurements, the substrate concentration was 20–
400 nM and the enzyme concentrations were 10 nM (NEIL1) or
1 nM (OGG1). If necessary, the mixture also contained APEX1, POLb
(75 nM each), and dGTP (0.5 mM). The reactions were initiated by
adding NEIL1 or OGG1 and were incubated at 25 C for 15 min.
Then 10 ll of a formamide dye was added and the mixtures were
heated for 1 min at 95 C. The products were separated by electro-
phoresis in 20% polyacrylamide gel with 8 M urea and quantiﬁed
by phosphorimaging (Molecular Imager FX, Bio-Rad).
2.3. DNA repair reconstitution assay
The reaction mixtures (20 ll) contained 20 nM of the labeled
substrate in a buffer containing 50 mM Tris–HCl (pH 7.5), 10 mM
MgCl2, 10 mM dithiothreitol, 0.5 mM dGTP, 1 mM ATP, and
0.025 mg/ml bovine serum albumin. Different combinations of
NEIL1 (15 nM), OGG1 (12 nM), APEX1 (15 nM), POLb (6 nM), PNKP
(10–300 nM), and LIG3a (10 nM) were added as required. The mix-
tures were incubated at 25 C for 20 min and analyzed as above.
3. Results and discussion
NEIL1 belongs to the Fpg/Nei family of DNA glycosylases [17].
The primary substrates for NEIL1 include oxidized pyrimidines,such as thymine glycols [18], dihydrouracil [19], and 5-hydroxycy-
tosine [20], as well as formamidopyrimidine derivatives of purines
[13,18–20]. In order to analyze whether NEIL1 can cleave DNA con-
taining 8-oxoAde, we incubated the enzyme with an 8-oxoAde-
containing ODN or with ODN duplexes bearing an 8-oxoAde resi-
due with Ade, Cyt, Gua, or Thy placed opposite the lesion. Whilst
we observed low levels of substrate cleavage of 8-oxoAde:Ade, 8-
oxoAde:Gua and 8-oxoAde:Thy pairs, and no cleavage at all for
8-oxoAde in single-stranded DNA, NEIL1 very efﬁciently cleaved
8-oxoAde:Cyt (Fig. 1A). In this respect, NEIL1 was similar to
OGG1, which also cleaves ODNs containing 8-oxoAde only when
the lesion is opposite Cyt [10,11]. Therefore, we compared the cat-
alytic efﬁciency of these two enzymes in the cleavage of the 8-oxo-
Ade:Cyt substrate (Fig. 1B). When these data were ﬁtted to the
Michaelis–Menten model, the KM value for NEIL1 was 2-fold low-
er than for OGG1, although the kcat value for OGG1 was 10-fold
higher than for NEIL1 (Table 1).
Other base excision repair (BER) components may markedly af-
fect the activity of DNA glycosylases. For instance, OGG1 is stimu-
lated by AP endonuclease APEX1, which dislodges OGG1 from the
abasic site product; this process is as efﬁcient on 8-oxoAde:Cyt as
on 8-oxoGua:Cyt pairs, the primary OGG1 substrate [14]. In con-
trast to OGG1, the cleavage of 8-oxoAde:Cyt by NEIL1 was not
stimulated by APEX1 (Fig. 2A), nor did APEX1 stimulate the cleav-
age of dihydrouracil-containing DNA by NEIL1 (data not shown).
The addition of POLb, with or without dGTP, also did not improve
the excision efﬁciency (Fig. 2A). Therefore, it is unlikely that these
BER proteins are required for the maximal activity of NEIL1 on the
8-oxoAde:Cyt substrate.
Unlike OGG1, which catalyzes elimination of the 30-phosphate
(b-elimination) after base removal, NEIL1 catalyzes elimination of
both the 30- and 50-phosphates (b,d-elimination), leaving a single-
nucleotide gap ﬂanked by two phosphates [18–20] (Fig. 3). The
30-end at this gap requires processing to generate a 30-hydroxyl
that could be used by DNA polymerases in further BER steps; such
processing has previously been shown to involve PNKP [21]
(Fig. 3). On the other hand, the joint action of OGG1 and APEX1 di-
rectly generates a free 30-hydroxyl. We therefore analyzed the re-
pair of 8-oxoAde:Cyt in a reconstituted minimal BER system
consisting of a DNA glycosylase (OGG1 or NEIL1), APEX1, POLb,
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Fig. 2. (A) NEIL1 excision of 8-oxoAde in the presence of other BER proteins. The components present in different reaction mixtures and the base opposite 8-oxoAde are
indicated. (B) Reconstitution of the BER cycle for 8-oxoAde:Cyt. 1, substrate only; 2–5, NEIL1-initiated repair; 6–9, OGG1-initiated repair. S, ODN substrate or religated
product (i and ix in Fig. 3); P1, b,d-elimination product (iii); P2, b-elimination product (ii); P3, product of base excision, with or without b-elimination, followed by nicking by
APEX1 (iv and v); P4, product of dGMP insertion (vi, vii, and viii). (C) Generation of POLb-extendable 30-ends by PNKP after NEIL1 excision of 8-oxoAde. The concentrations of
PNKP in lanes 4–7 were 300, 100, 30, and 10 nM, respectively. (D) Reconstitution of the BER cycle for 8-oxoAde:Cyt using both OGG1 and NEIL1. Arrows indicating the
mobilities of different species in (C) and (D) are in the same as in (B).
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fully restored the intact DNA (Fig. 2B, lanes 6–9) and generated
the products of the expected lengths at each intermediate stage
(P1–P3 in Fig. 2B). However, when the repair was initiated by
NEIL1, the reaction proceeded to b,d-elimination (P4 in Fig. 2B)
but the 30-terminus was not processed further in the minimal
BER system. The addition of increasing amounts of PNKP led to
the appearance of the products of dGMP insertion by POLb
(Fig. 2C) but DNA ligation was not restored under the conditions
used, possibly due to the competition between LIG3a and other
proteins for DNA binding. The introduction of XRCC1, a scaffold
protein that normally couples the action of APEX1, POLb, and
LIG3a, did not affect the efﬁciency of dGMP incorporation or
DNA ligation (not shown). The requirement of other BER accessory
factors for the completion of NEIL1-initiated repair of 8-oxo-
Ade:Cyt remains possible. For example, Cockayne syndrome com-
plementation group B protein (CSB) is known to increase the
efﬁciency of 8-oxoAde repair in vivo [22] and to stimulate the
activity of NEIL1 [23].
Finally, we inquired what pathway of 8-oxoAde:Cyt repair will
dominate when NEIL1 and OGG1 compete for this substrate. When
both glycosylases were present together with APEX1, POLb, and
LIG3a, the repair pathway was almost exclusively initiated by
OGG1 with little b,d-elimination product observed (Fig. 2D). Here,we used POLb bearing a triple substitution, K35A K68A K72A,
which is totally deﬁcient in the processing of the 20-deoxyribo-50-
phosphate (step (vi)? (viii) in Fig. 3). Yet NEIL1, in agreement
with earlier observations for other substrates [16], was able to sup-
ply this activity, indicating that it has access to the post-insertion
BER intermediate. We conclude that the repair of 8-oxoAde:Cyt
by NEIL1 is likely a back-up for the repair by OGG1 and presumably
follows the pathway independent of APEX1 and involving PNKP
(Fig. 3), which has been described for a more typical NEIL1 sub-
strate, 5-hydroxyuracil [21].
The ability of OGG1 to process 8-oxoAde:Cyt pairs may be a for-
tuitous consequence of the structure of the OGG1 active site, which
forms the same set of bonds with both 8-oxoGua and 8-oxoAde
and is highly speciﬁc for the opposite Cyt [11]. Yet NEIL1 does
not show strong opposite base-speciﬁcity for other substrates
[13,18–20], making 8-oxoAde:Cyt the ﬁrst example of the opposite
base-speciﬁc substrate for this enzyme. The repair of 8-oxoAde by
any other member of the Fpg/Nei family has never been reported.
Under the conditions of efﬁcient 8-oxoAde:Cyt cleavage by NEIL1
and OGG1, we observed that Fpg displayed very low excision of
8-oxoAde from pairs with Cyt and no excision of 8-oxoAde from
other pairs (data not shown), in agreement with published data
[10]. NEIL2, another eukaryotic Fpg/Nei homolog [17], also did
not remove 8-oxoAde under any conditions (data not shown). In
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Fig. 3. Two branches of 8-oxoAde repair in eukaryotes involving OGG1 (i?ii?v?vii?ix or i?iv?vi?viii?ix) and NEIL1 (i?iii?v?vii?ix).
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Cyt mostly through the action of OGG1, since this activity is greatly
reduced in ogg1–/– mice [12]. However, it cannot be excluded that
NEIL1 may be required for 8-oxoAde repair in some speciﬁc cir-
cumstances, e.g. in certain tissues or developmental stages.
Neither OGG1 nor NEIL1 remove 8-oxoAde paired with Thy. The
existence of two enzymes that can process 8-oxoAde:Cyt but not
8-oxoAde:Thy points to a possible biological importance of the
former mispair. 8-OxoAde arising by DNA oxidation in the 8-oxo-
Ade:Thy context is read by DNA polymerases mostly error-free[3–5]. Even if dCMP is incorporated opposite 8-oxoAde, as was ob-
served in mammalian cells [4], removal of 8-oxoAde from this mis-
pair would generate an A? G transition and thus be meaningless
for preserving genetic information. However, 8-oxoAde:Cyt could
also appear in DNA by misincorporation of 8-oxodAMP opposite
a template Cyt from the oxidized dATP pool. Although very limited
information is available for the use of 8-oxodATP by DNA polymer-
ases [7], the ability of human pyrophosphatase MTH1 to efﬁciently
hydrolyze 8-oxodATP [24] provides an indirect evidence for the
pro-mutagenic potential of this oxidized precursor. Structurally,
I.R. Grin et al. / FEBS Letters 584 (2010) 1553–1557 1557if not restrained by Watson–Crick bonding, 8-oxo-7,8-dihydro-20-
deoxyadenosine can assume a syn conformation, in which it can
form hydrogen bonds to Cyt or Gua [25]. Clearly, a kinetic assess-
ment of the ability of DNA polymerases to incorporate 8-oxodATP
is required to evaluate the importance of various 8-oxoAde-con-
taining mispairs and the mutagenic consequences of 8-oxoAde.
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